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ABSTRACT: Stepped well-ordered semiconductor surfaces are important as nanotemplates for the fabri-
cation of one-dimensional nanostructures. Therefore a detailed understanding of the underlying stepped
substrates is crucial for advances in this field. Although measurements of step edges are challenging for
scanning force microscopy (SFM), here we present simultaneous atomically resolved SFM and Kelvin
probe force microscopy (KPFM) images of a silicon vicinal surface. We find that the local contact poten-
tial difference is large at the bottom of the steps and at the restatoms on the terraces, whereas it drops
at the upper part of the steps and at the adatoms on the terraces. For the interpretation of the data we
performed density functional theory (DFT) calculations of the surface dipole distribution. The DFT images
accurately reproduce the experiments even without including the tip in the calculations. This underlines
that the high-resolution KPFM images are closely related to intrinsic properties of the surface and not
only to tip-surface interactions.
Stepped well-ordered surfaces and, in particular
vicinal semiconductor surfaces, are well suited for
applications as nanotemplates for the fabrication
of one-dimensional nanostructures.1–7 Among such
structures,  monoatomic  wires  are  candidates  of
interesting  electronic  properties  such  as  Lut-
tinger-liquid behavior.8 The vicinal Si(111) surface
with 10◦ miscut towards the [11 12] direction is a
popular stepped surface that  can be used as a
model system. This surface contains (7×7) recon-
structed terraces oriented along the Si(111) direc-
tion, a well characterized and understood surface,
separated by a stepped region. The presence of
the (7 × 7) reconstructed areas makes this vicinal
system an ideal testbed for surface characteriza-
tion  techniques  and  investigating  its  rich  mor-
phology and electronic features. Teys et al.  pro-
posed that this surface is oriented along the (7 7
10)  direction.2 Within  Teys  model,  the  stepped
part consists of a periodically ordered triple step
with a height of 3 atomic layers and a width of 16
atomic rows, corresponding to a lateral periodicity
of 5.2 nm.
Scanning force microscopy (SFM), particularly in
ultra-high  vacuum  (UHV)  and  its  non-contact
mode,  has  become  one  of  the  standard  tech-
niques for analyzing the topographic properties of
flat surfaces at the atomic scale.9 On conducting
surfaces,  SFM provides complementary informa-
tion to that obtained with scanning tunneling mi-
croscopy  (STM),10,11 in  some  cases  with  even
higher  spatial  resolution.12,13 The  atomic  resolu-
tion capability of SFM arises from the short-range
forces acting between an atomically sharp tip and
a  clean  surface.14 The  differences  between  the
work functions of the probing tip and the surface
of the sample give rise to contact potential differ-
ences (CPD) that can be measured using Kelvin
probe force microscopy (KPFM).15–19 The origin of
atomic-scale KPFM contrast is still  under discus-
sion, since the work function is considered as a
macroscopic  concept  and each material  surface
should  have  a  given  value.  A  recent  work  on
Si(111)-(7  ×  7),  where  experiments  were  com-
pared to calculations, found that the modulation
of the surface dipole affected by the presence of
the tip could explain the atomic-scale contrast.17
So far these studies have been restricted to flat
surfaces,  because  scanning  over  a  corrugated
surface  can  lead  to  strong  interaction  between
atoms of the tip apex with the surface, and thus
to a loss of resolution.
Figure  1:  FM-SFM  images  of  the  clean  vicinal
Si(111) surface at RT with atomic resolution. (a)
Large  terrace  consisting  of  periodically  spaced
steps and Si(111)-(7 × 7) reconstructed areas. Im-
age size 30×30 nm2. A Si(111)-(7×7) unit cell  is
indicated by triangles. (b) Line profiles of the line-
cuts on (a) displaying the height and periodicity of
the steps and (7 × 7) reconstructed terraces.
Here,  we  present  atomically-resolved  fre-
quency modulated SFM (FM-SFM) and KPFM im-
ages of  the vicinal  Si(111)  surface.  Our  high-
resolution  images  supported  by  density  func-
tional  theory  (DFT)  calculations  elucidate  the
origin of the Kelvin contrast at the triple step
and the influence of the tip-surface distance. 
Figure 1(a) shows an atomically-resolved FM-
SFM image of the silicon surface after prepara-
tion.  The  surface  consists  of  large  terraces
which  contain  periodically  spaced  steps  and
Si(111)-(7 × 7) reconstructed areas. In general,
we avoid scanning with the fast axis parallel to
the step edges by rotating the scan direction by
5◦. Still, sometimes the tip apex gets unstable,
e.g. in the middle of the image where a jump
occurred in the stepped part. Large protrusions
are observed on the step edges of the (7 × 7)
reconstructed terraces.  We tentatively ascribe
them  to  additional  silicon  clusters  produced
during  the  preparation  of  the  sample.  In  Fig.
1(b), profiles perpendicular and parallel to the
step edges display the surface corrugation and
periodicity of the (7 × 7) reconstructed areas,
respectively.
In order to discuss the structure of the sur-
face, 3D and 2D SFM images are plotted in Fig.
2. We use the notation introduced by Teys and
co-workers.2 In  the  images,  a  (7  ×  7)-recon-
structed Si(111) terrace is followed by a triple
step and the next  (7 × 7)  terrace. The triple
step (S1, S2, S3)consists of several adatoms and
dimer rows. S3: On the edge of the upper ter-
race, the last row of silicon adatoms (denoted
as A3, the index indicating the layer) is accom-
panied by a row of parallel dimers (D‖3). S2: The
lower  layer  (index  2)  is  formed  by  a  row  of
adatoms  (A2).  Often  atomic  defects  are  ob-
served in the A2 row at the places where corner
vacancies  of  the  (7  × 7)  surface  and  no  D‖3
dimers are found (these defects are denoted as
RD). Such RD appear due to the mismatch be-
tween the 2-fold periodicity of the dimer rows
and the 7-fold periodicity of the terraces. At the
RD, the adatom is shifted towards the step, as
indicated in Fig. 2(b). In Fig. 2(c), profiles over a
defective  and  non-defective  step  line  of  Fig.
2(b) are shown, and the place of a RD is indi-
cated. Below the row of A2, we found rows of
perpendicular and parallel dimers (D⊥, D‖1, re-
spectively). Many dimers are missing in the FM-
SFM  image,  especially  in  D‖1.  S1:  Below  the
dimers, two extra rows of silicon atoms are ob-
served, the ZR row, reported from STM analysis
to have a zigzag structure,2 and the R row lo-
cated at the bottom of the triple step. The pre-
sented SFM image coincides almost one to one
with the empty-states STM image obtained by
Teys  et  al.2 In  the case of  silicon,  the empty
states are the fingerprint of the free dangling
bonds. This supports that the SFM image arises
from covalent bonding of the tip apex with the
surface  atoms.  For  a  more  detailed  SFM and
DFT  analysis  of  the  atomic  structure  of  the
triple step, and a rigorous comparison with the
STM data cf. Ref. 20.
Fig. 3 displays simultaneous topographic FM-
SFM and  KPFM images  measured  over  a  ter-
race, the triple step, and the next terrace. In
the  topographic  image,  Fig.  3(a),  several  de-
fects are observed at step edges that we previ-
ously  attributed  to  Si  clusters.  Furthermore,
many atoms are missing in the D‖3 and A2 rows.
In the Kelvin image, Fig. 3(b), strong surface po-
tential variations on the terraces and the step
are observed. Considering the background local
CPD  (LCPD)  obtained  at  positions  between
adatoms and at the bottom of the step as the
reference value (ca. 0.35 V), we discuss the val-
ues of the LCPD as higher or lower than this ref-
erence. Thus, the adatoms of the (7 × 7) ter-
races have the lowest LCPD, 0.1 − 0.2 V in our
image, in accordance with previous reports on
flat Si(111).17,19 The defects at  step edges (Si
clusters) have a similar LCPD to the adatoms,
supporting  that  they  are  composed  of  addi-
tional Si atoms. The R row and A2 adatoms also
have a low LCPD compared to the reference,
but slightly higher than the adatoms and clus-
ters. The ZR row shows almost no contrast dif-
ference with respect to the background. On the
corner holes, on the other hand, the LCPD ap-
pears slightly higher than the background. Also
in the region between the adatoms of the (7 ×
7)  terraces  (restatoms),  a  higher  LCPD is  im-
aged (≥ 0.4 V). Remarkably, the region of the
dimers, in particular at D‖1 and D⊥, show a high
LCPD (ca. 0.5 V).
Over the flat (7 × 7)-reconstructed terraces,
the general contrast and the absolute value of 
Figure 2: FM-SFM images of the structure of the
vicinal  Si(111) surface at  RT.  (a) 3D and (b)  2D
plots. (c) Line profiles of the linecuts on (b) unveil
the crystal lattice cross-section. The surface con-
sists of flat (111)-(7 × 7) reconstructed terraces,
followed  by  a  triple  step  (S1,  S2,  S3)  formed by
adatoms (A2, ZR, R) and dimers (D‖3, D⊥, D‖1 ). Half
cells are marked with triangles.
the local contact potential difference is in agree-
ment with previous KPFM studies also performed
together with FM-SFM.17 Sadewasser et al. consid-
ered  several  factors  as  possible  origin  of  the
atomic contrast: a possible tunneling current flow
between tip  and surface,  the modulation  of  the
surface dipole, and the influence of the formation
of chemical bonds between the tip apex and sur-
face atoms.17
We analyze first the influence produced by a
tunneling current flow between tip and surface.
The tunneling probability is different at different
atomic sites  (as  reported from STM images2).
This may affect the strength of the LCPD, but
we believe this effect to be small since the cur-
rent flow is below the detection limit of our ex-
perimental setup.
We continue  with  the  work  function  that  is
generally  determined  by  the  surface  dipole,
which  reflects  the  charge  distribution  on  the
surface.17,21 In  order  to  better  understand the
Kelvin contrast, we performed DFT calculations
of the electrostatic surface potential. The tip is
excluded for  obtaining directly  information on
the physical properties of the surface and not
on the deviations caused by the interaction of
the surface with  the  tip.  We define the  local
work function Φ loc at a point r near the surface
as Φloc(r) = Vef(r)−EF, where Vef(r) is the single-
particle effective electrostatic potential and EF
is  the  Fermi  energy.22 The  calculated  Φloc is
shown in Fig. 3(c). The overall behaviour of the
local work function along the surface is remark-
ably  well  reproduced  by  the  simulations.  For
the discussion of the data, we divide the sur-
face into two parts: the well-known (7 × 7) re-
constructed terraces and the triple step.
The local atomic dipole distribution on the flat
Si(111)-(7 × 7) surface was investigated by Cho
and  Hirose.23 They  detected  dipole  moments
pointing upwards on the Si adatoms, whereas
the dipole moments pointed inwards at the in-
terstitial  sites between Si  adatoms.23 This  be-
havior  was  also  observed  in  Ref.  [17]  and  is
consistent with the results of this work. We can
relate these dipoles to the different charge dis-
tribution  on  the  different  atoms,  i.e.,  at  the
lower-lying  restatoms  the  partial  negative
charge  is  larger  than at  the more  protruding
adatoms.
At the triple step we find a striking agreement
between our experimental results and our sim-
ulations.  The upper  part  of  every step of  the
triple step displays a lower electron density (i.e.
lower  LCPD),  while  the  bottom  of  the  steps
shows a higher one. The DFT calculations (Fig.
3(c)) reveal that the high electron density is not
only associated to the dimers but also to the Si
restatoms that lie in the lowest part of every
step. At the upper part of the triple step, close
to  the  D‖3 dimer  row,  the  electron  density  is
lower. At the bottom of this step (S3),  located
between two RDs and between the D‖3  dimers
and A2 adatoms, there are two restatoms de-
noted as RA2. These appear as bright features
in  the  experiment  and  simulations.  The  A2
adatoms at the upper part of the second step
(S2) show a lower Φloc, while between D⊥ and D‖1
at the bottom display a high one. Again at the
upper part of the lower step (S1), between D‖1
and ZR, the electron density is lower. Finally, at
the bottom of S1 between ZR and R, the elec-
tron density is high. There, we find additional
restatoms, denoted as RB, which are the deep-
est  located  atoms  within  the  reconstruction
with dangling bonds. Further details of the dis-
cussion of the DFT data have been included in
the Supporting Information.
One important difference between our simu-
lations and experimental results is that at the
bottom of the triple step, at RB, the partial neg-
ative charge appears much larger in the calcu-
lations  than  in  the  Kelvin  image.  Due  to  the
presence of steps, the overall distance between
Figure 3: Atomically resolved (a) FM-SFM and (b)
simultaneously  obtained  Kelvin  image at  RT.  (c)
Calculated  local  work  function  from the  electro-
static effective single-particle potential. The local
contact potential difference is large at the bottom
of the steps and at the restatoms on the terraces,
whereas it  drops at the upper part of  the steps
and at the adatoms on the terraces.
tip and sample varies strongly in the experiment
during the scan, compared to the measurements
over a flat surface, see profile in Fig. 2(c). The tip-
surface distance at which the potential is calcu-  
Figure 4: (a) Schematic side view of the Si(7 7 10)-
(16×14) model of the structure. The purple curve
represents the experimental line profile (Fig. 2(c)),
adjusted to scale.  The black solid and turquoise
dashed lines indicate the height profiles at which
the local  work functions Φloc in (b) and (c) have
been  calculated,  respectively.  The  turquoise
dashed line is closer to the measured line profile.
lated (0.325 nm), is much closer than the true
height of the tip in the experiment.  Adding a
correction to this height profile to the simula-
tion of the surface dipole on this sample area,
results in a more diffuse and less bright feature
in closer agreement with the Kelvin image, as
shown in Fig. 4.
The observed features are comparable to the
Smoluchowski  effect  known  for  metallic  sur-
faces.24 Smoluchowski  stated  that  the  elec-
tronic  density  at  step  edges  follows  the  step
edge more smoothly than expected from pro-
longing the bulk electronic density, creating a
dipole pointing upwards. Here, we directly im-
age the different charges of such dipoles, which
gives  rise  to  an  alternate  variation  of  charge
and therefore of Kelvin contrast. A scheme of
the charge distribution is presented in Fig. 5.
Figure 5: Scheme of the charge distribution at the
triple step and the following (7 × 7) reconstructed
terrace.
Finally, we analyze the influence of the forma-
tion  of  chemical  bonds between the tip  apex
and surface atoms. In Ref. [17] bond formation
was reported to induce a local redistribution of
the charge density leading to a change of the
surface dipole and, consequently, to variations
of the local chemical potential. A strong redis-
tribution  was  identified  for  close  tip-surface
separations,  whereas  this  was  reduced  for
larger ones.17 In Fig. 4(a),  we observe that at
the stepped region the height of the tip in our
experiment is higher than at the flat part, point-
ing to a weaker effect of this bonding formation
in the KPFM images in this region. This argu-
ment reinforces the close agreement of experi-
ment and simulations even without taking into 
account the effect of the tip in the calculations.
This agreement is not only qualitative but also
quantitative. The differences between the work
function  at  the  adatoms  and  restatoms  is
around  0.5  − 0.6  V  in  the  calculations,  very
close to the 0.4 V in the experiments.
Summarizing,  we  demonstrate  that  FM-SFM
and  KPFM  are  able  to  provide  simultaneous
atomic  resolution  of  the  topography  and  the
surface potential  distribution even at  stepped
surfaces.  For  a  better  understanding  of  the
KPFM image, we performed DFT calculations of
the electrostatic  surface potential  obtaining a
striking agreement with the experiments, even
without including the influence of the tip.  We
observe a large LCPD at the restatoms whereas
it drops at the adatoms. We explain the origin
of these features in terms of the local environ-
ment of the atoms and partial charge transfers.
This explanation is general and not unique to Si
surfaces,  which serves  as model  system. The
DFT calculations uncover the nonnegligible con-
tribution of the different restatoms on the sur-
face to the surface dipole, and the influence of
the tip-surface distance. These results demon-
strate that the observed KPFM atomic contrast
is not only produced by the interaction with the
tip, but indeed reflects an intrinsic property of
the surface.
SUPPORTING INFORMATION
Experimental  methods.  Numerical  methods.  De-
tails of the DFT calculations of the surface dipole.
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A- Experimental methods
Both sample preparation and experiments were carried out in an ultra-high vacuum (UHV)
chamber with a base pressure of less than 3 · 10−8 Pa. Stripes of Si(111) low n-doped (phos-
phorus, ρ = 1 − 10 Ωcm, Virginia Semiconductor) and an inclination angle of 10 ± 0.5◦ to-
wards the [11 12] direction were used. The silicon stripes were cleaned in an diluted aqueous HF
solution prior to loading into the UHV chamber. The sample was resistively heated by direct
current with the current direction parallel to the steps on the vicinal Si(111). The surface was
prepared by several short flashes to 1420 K, the last flash was proceeded by a fast ramp down
to 1200 K, followed by a slower cooldown. The silicon sample was then transferred to a vari-
able-temperature scanning force microscope (Omicron NanoTechnology GmbH, Taunusstein,
Germany)  equipped  with  Nanosensors  cantilevers  (Neuchatel,  Switzerland)  and  a  Nanonis
phase-locked loop electronics (SPECS, Zurich, Switzerland). All measurements were performed
in the non-contact mode. Topographical imaging was carried out at constant frequency shift
using sputtered silicon cantilevers with a force constant of 30 − 50 N/m, and a free resonance
frequency of 270 − 300 kHz. Some of the cantilevers used were coated with Platin-Iridium. The
topography images were obtained while applying a voltage that compensated the local con-
tact potential difference (LCPD) between the tip and the sample. When KPFM measurements
were performed in parallel to the topography measurements, an ac-voltage was applied to
the tip at an oscillation frequency of 619 Hz and an amplitude of 0.7 V. For characterizing
the  frequency modulated  scanning  force  microscopy images  the  normalized  frequency
shift (γ = ∆f · k · A3/2 /f0) has been used. For the discussion of the structure, the experimen-
tal drift has been compensated in some of the presented images. All measurements were
performed at room temperature.
Imaging parameters of figures in main article
Fig. 1: ∆f = −16 Hz, A = 7 nm, k = 32 N/m, f0 = 295 KHz, γ = −1 fN√m. Si cantilever tip.
Fig. 2: ∆f = −60 Hz, A = 8 nm, k = 46 N/m, f0 = 272 KHz, γ = −7.3 fN√m. Pt-Ir coated can-
tilever tip.
Fig. 3: ∆f = −17 Hz, A = 8 nm, k = 32 N/m, f0 = 295 KHz, γ = −1.3 fN√m. Si cantilever tip.
B- Numerical methods
The  electronic  structure  calculations  were  performed  within  density  functional  theory
(DFT)and the Purdue, Burke, Ernzerhof (PBE) generalized gradient approximation,1 as im-
plemented in the Vienna ab initio Simulation Package (VASP).2 For the Brillouin Zone (BZ)
integrations  in  the  electronic  structure  calculations  uniform meshes  equivalent  to  224
points for the (1×1) surface unit cell were used. The starting structures were prepared
based on the experimental observation of a 16-fold lateral periodicity, the model intro-
duced by Teys et al.,3 and variations thereof. Due to the mismatch between the 7-fold peri-
odicity of the terraces and the 2-fold periodicity of the dimer rows, the smallest possible
unit cell size parallel to the step edges that does not contain any obvious defects, e.g. D‖1
monomers instead of dimers,  has a 14-fold periodicity.  Thus, all  calculations were per-
formed within a (16×14) surface cell. The surface has been modeled by a slab containing
four Si bilayers along the (111) direction, resulting in ∼2300 atoms per unit cell. The bot-
tom Si bilayer was frozen at the equilibrium DFT lattice constant with the dangling bonds
terminated by hydrogen. To avoid a spurious interaction between periodic images along
the surface normal, a vacuum distance of 50 Å between the surface and the bottom layer
of its periodic image has been employed. This vacuum distance has been used in conjunc-
tion with a dipole correction by introducing a step discontinuity inside the vacuum region
which cancels out the surface dipole. Forces were relaxed below a threshold of 0.01 eV/Å.
C- Details of the DFT calculations of the surface dipole
Due to the mismatch between the 2-fold periodicity of the dimer rows and the 7-fold peri -
odicity of the terraces, row defects (RDs) appear within the A2 adatom row. These RDs pas-
sivate the otherwise dangling bonds of the Si atoms at the corner hole. There are no such
RD at the corner holes at the opposite side of the (7×7) terrace, this asymmetry produces
a difference in the LCPD between both types of corner holes. 
Located between two RDs and between the D‖3 dimers and A2 adatoms, there are two rest
atoms denoted RA2. They appear as bright features in the simulations. This is due to the
shift of electronic density towards these rest atoms because of their location at the bottom
of the first part of the triple step. Both, the step edge and the A2 adatoms, contribute to
the charge transfer towards RA2.
The D⊥ dimer row is shown in our DFT calculations to prefer a buckled configuration, where
the D‖1 dimers assume an alternating more upright and more flat orientation. D‖1  dimers in
the upright orientation feature a slightly higher local work function Φloc, introducing a 2-fold
modulation along the D‖1   row. Within this dimer row, there are defects intrinsic to the re-
construction where two adjacent D‖1 are both oriented in the upright configuration. These
defects occur regularly to accommodate the mismatch between the 7-fold symmetry of
the 7×7 reconstructed part and the dimer row with a 2-fold symmetry. They appear partic-
ularly bright in the simulation and explain why in experiment some of the D ‖1 dimers ex-
hibit a high and some a low LCPD, respectively. Presently, the precise reason why the small
differences in the orientation in the dimer row cause such noticeable differences in Φloc re-
mains an open question. Additionally, there are extra Si-adatoms adsorbed at the step
edges.  This  makes  it  difficult  to  distinguish  experimentally  between  LCPD  differences
caused by either dimer orientation or extra Si-adatoms, due to the inherently reduced res-
olution directly at the step.
The ZR row is preferentially tilted away from the step edge in our calculations. However,
an equal tilt in the other direction represents another local energy minimum. Even tilts in
different directions of different ZR row parts are relatively stable. Movements of the ZR row
induced by the tip may contribute to the smeared appearance of ZR in the experimental
results.
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